Objective. Our objective was determining if abnormal Doppler evaluation had a higher prevalence of placental pathology compared to normal Doppler in suspected fetal growth restriction (FGR) of cases delivered at 37 weeks. Study Design. This retrospective cohort study of suspected FGR singletons with antenatal Doppler evaluation delivered at 37 weeks had a primary outcome of the prevalence of placental pathology related to FGR. Significance was defined as ≤ 0.05. Results. Of 100 pregnancies 46 and 54 were in the abnormal and normal Doppler cohorts, respectively. Placental pathology was more prevalent with any abnormal Doppler, 84.8% versus 55.6%, odds ratio (OR) 4.46, 95% confidence interval (CI): 1.55, 13.22, and = 0.002. Abnormal middle cerebral artery (MCA) Doppler had a higher prevalence: 96.2% versus 54.8%, OR 20.7, 95% CI: 2.54, 447.1, and < 0.001. Conclusion. Abnormal Doppler was associated with more placental pathology in comparison to normal Doppler in fetuses with suspected FGR. Abnormal MCA Doppler had the strongest association.
Introduction
Fetal growth restriction (FGR) is defined in the antenatal period as an estimated fetal weight (EFW) by ultrasound less than the 10th percentile for gestational age in the United States [1] . International consensus definition of FGR is more comprehensive and incorporates other parameters such as abdominal circumference, gestational age of onset, Doppler indices, and growth deceleration before arriving at the diagnosis of FGR [2] . Doppler evaluation of maternal, fetal, and umbilical vessels has been used in the management of suspected FGR to aid in timing of delivery and theoretically could separate the fetus with a placental problem from the constitutionally small normal fetus. Newborns that are less than the 10th percentile for gestational age are classified as small for gestational age (SGA). Methods to determine whether an SGA newborn also has pathologic growth restriction are imperfect. Obvious physical features of FGR in the SGA infant, uncommon with modern obstetric management, include decreased muscle mass and subcutaneous tissue and skin desquamation [3] . Other observations proposed for diagnosing FGR among SGA newborns include low ponderal index [4] and postnatal catch-up growth [5] . Current management in FGR is designed to avoid stillbirth, incidence 1.1-3.6%, and deliver the most mature baby as possible [6, 7] . Up to 70% of fetuses with suspected FGR may be constitutionally small normal infants and may not be at increased risk for stillbirth, and the remainder (after exclusion of birth defects, congenital infections, and chromosomal abnormalities) will have FGR presumably related to a pathologic placental process [5, 8] .
The use of umbilical artery Doppler in management of suspected FGR is associated with a reduction in perinatal 2 BioMed Research International deaths [9] . The relationship of umbilical artery Doppler patterns in FGR to placental pathology is more straightforward when the most severe patterns, absent end diastolic velocity (AEDV) or reversed end diastolic velocity (REDV), are present [10] . In these cases, which are usually delivered markedly preterm because of nonreassuring fetal testing, there is loss of arterial vessels within the villi accounting for the abnormal Doppler patterns. In FGR at later gestational ages the villous vascular tree has a larger capacity and abnormal umbilical artery Doppler patterns are less frequent; the placental pathology is more subtle and the lesions can overlap with normal pregnancies [11] . Late-onset FGR pregnancies with uterine artery and middle cerebral artery (MCA) Doppler abnormalities have been associated with placental lesions of underperfusion [12] .
We therefore chose to study the correlation of Doppler abnormalities in fetuses with suspected FGR delivered at 37 weeks' gestation at our institution in order to remove the confounding factor that gestational age has on interpretation of placental pathology and the bias toward more severe placental lesions that are seen in FGR fetuses that require preterm delivery. We hypothesized that the group of suspected FGR fetuses with abnormal Doppler would have a higher prevalence of gross and histopathologic abnormalities found in FGR as compared to the group with normal Doppler.
Methods
This was a retrospective cohort study of singleton fetuses with an ultrasound estimated fetal weight less than the 10th percentile delivered at Penn State Milton S Hershey Medical Center at 37 weeks' gestation during the time period 2011-2013. The study was approved by the Research Subjects Review Board at the Penn State Milton S Hershey Medical Center. Cohorts were divided into normal and abnormal Doppler and compared with respect to both the presence and number of gross and histopathologic findings in the placenta that were plausible in their relation to the FGR. Suspected FGR was a standard indication for submission of the placenta to pathology; thus all placentas from this group were expected to have had a pathologic examination. Pregnancies with uncertain dating, multiple gestations, fetuses with major birth defects, or viral or parasitic infections were excluded. Ascertainment of gestational age followed standard clinical and ultrasound guidelines [13] .
The subjects were identified by viewing the electronic birth log for all deliveries at 37 weeks' gestation with suspected FGR. The ultrasound reports were reviewed for EFW < 10th percentile within three weeks of delivery. EFW and percentile were calculated by software using biometric parameters [14, 15] . Ultrasound measurements were performed with 2-5 MHZ curvilinear transducers using the iU22 (Philips Medical Systems, Bothell, WA). All sonography was performed by experienced sonographers dedicated to maternalfetal medicine. EFW and head circumference to abdominal circumference ratio (HC/AC) were recorded for analysis.
Doppler measurements were obtained utilizing standard techniques [16] [17] [18] . All subjects had umbilical artery Doppler as part of their ultrasound surveillance at diagnosis of suspected FGR and with serial scans up to the time of delivery. MCA and uterine Doppler evaluation had not been utilized at all for the first year of the study period in the evaluation of suspected FGR. After the first year of the study time period, MCA Doppler was incorporated routinely into the evaluation of suspected FGR by 3 of 4 maternal-fetal medicine faculty members and not at all by one faculty member. Only 1 maternal-fetal medicine specialist also utilized uterine artery Doppler in the evaluation of suspected FGR, but only once during the pregnancy. All Doppler studies were reviewed in the GE PACS system (GE Healthcare, Chicago IL) by one maternal-fetal medicine specialist (WMC). The last measurements performed and recorded prior to delivery were used for analysis. The systolic/diastolic ratio, resistance index, pulsatility index (PI), and peak systolic velocity were calculated using the software on the machine. For the MCA Doppler the cerebroplacental pulsatility ratio (CPR) was calculated by dividing the MCA Doppler PI by the umbilical artery Doppler PI. Abnormal umbilical (PI > 95th percentile), MCA (PI or CPR < 5th percentile), or uterine artery (PI > 95th percentile) Doppler for gestational age was defined by using standard reference charts [16] [17] [18] . Subjects who had at least one abnormal Doppler of any type were placed in the abnormal Doppler cohort and subjects who had only normal Doppler were placed in the normal Doppler cohort.
Placentas were examined according to standard protocol [19] . Placental weight and gross characteristics were obtained from the placental pathology report. Placental slides were retrieved from the archive and were reviewed by a single pathologist (KAM) blinded to the Doppler categorization. Placentas that had one or more gross or histopathologic feature that could be considered contributing to FGR were classified as abnormal placentas. Those placentas with no pathologic features were classified as normal. The following gross placental features were considered abnormal: placental weight < 5th percentile for gestational age [20] , single umbilical artery, marginal or velamentous cord insertion, bilobed or succenturiate placenta, and circummarginate or circumvallate placenta. Additional gross placental findings that were categorized as abnormal included infarcts, abruption, intervillous/subchorionic thrombi encompassing > 5% of placenta parenchyma, and maternal floor infarction. Histopathologic findings considered contributory to FGR included the following: increased syncytial knots, villous agglutination, increased intervillous fibrin, distal villous hypoplasia, acute atherosis, mural hypertrophy in membrane arterioles, muscularization of basal plate arteries, increased placental site giant cells in decidua basalis, immature intermediate trophoblast in decidua basalis, thin umbilical cord (diameter of the umbilical cord ≤ 8 mm), uniformly avascular villi, villous stromal-vascular karyorrhexis, villitis of unknown etiology (VUE) with obliterative fetal vasculopathy, large fetal vessel thrombosis, fetal intimal fibrin cushion, chorangiosis, nucleated red cells in capillaries, and VUE. We followed published guidelines for diagnosis for histopathologic lesions related to FGR [21] [22] [23] .
Maternal demographic variables collected included age, parity, BMI, race/ethnicity, smoking history, diabetes, hypertension, and mode of delivery. Newborn information collected included gender, birthweight, ponderal index/ponderal index < 10th percentile, birthweight percentile [4] , birthweight to placental weight ratio [24] , NICU admission, days in hospital, hyperbilirubinemia requiring phototherapy, hypoglycemia, hypothermia, and oxygen requirement. SGA was defined as birthweight for the gestational age of 37 weeks of <2500 grams [4] . Composite neonatal morbidity was defined as at least one neonatal morbidity, including NICU admission. The data were analyzed by -tests, chi-square tests, and odds ratios with 95% confidence intervals as appropriate. Statistical analysis was performed using SPSS (Chicago, IL). The primary outcome was the proportion of patients with any placental pathology. Performance characteristics of each Doppler type for identification of placental pathology were calculated. Using data by Dicke et al. [25] , in a study of both preterm and term SGA infants that showed 94% with histopathologic placental lesions in the abnormal Doppler group and 64% in the normal Doppler group, a sample size of 28 patients in each cohort was calculated to show this difference with a power of 80% and significance level of 0.05.
Results
We identified 177 total patients delivered at 37 weeks' gestation for the indication of suspected FGR; 56 were excluded for EFW > 10th percentile, 8 were with fetal anomalies, and 13 were with multiple gestations, leaving a total of 100 subjects: 54, normal Doppler group and 46, abnormal Doppler group. All 100 subjects were evaluated by umbilical artery Doppler, 68 by MCA Doppler, and 39 by uterine artery Doppler. There were no umbilical artery Doppler patterns of AEDV or REDV.
The mean gestational ages of the last Doppler type performed prior to delivery were 36.7±0.5, 36.1±1.2, and 32.9±4.4 weeks for umbilical, middle cerebral, and uterine artery Doppler, respectively.
Antenatal comparisons of the cohorts abnormal versus normal Doppler are given in Table 1 . Maternal age was slightly less in the abnormal group. There were no significant differences in any of the other categories. The newborn comparisons are given in Table 2 . Newborns in the abnormal Doppler cohort were significantly lighter and more likely to be SGA. There were no differences in any other comparisons. Overall, 20% of newborns were admitted to the NICU and 37% experienced at least one morbidity.
The proportion of placentas with pathologic features compared by Doppler type and cohort is given in Table 3 . For any Doppler type utilized, a higher proportion of placental pathology was observed if the Doppler was abnormal, OR = 4.46, 95% CI: 1.55, 13.22. Of the individual Doppler types, only an abnormal MCA Doppler was significantly associated with placental pathology compared to a normal MCA Doppler, OR = 20.7, 95% CI: 2.54, 447.1.
The performance characteristics for Doppler in the diagnosis of placental pathology are given in Table 4 . Doppler had both limited sensitivity and NPV for the detection and exclusion of placental pathology, respectively. All Doppler types performed better on specificity and PPV.
Comparison of the numbers of individual placental abnormalities is given in Table 5 . Infarcts were significantly more common in the abnormal Doppler group, OR = 3.87, 95% CI: 1.23, 12.67. Lesions belonging to the category of maternal vascular underperfusion [22] were more common in the abnormal Doppler cohort, OR = 3.75, 95% CI: 01.51, 9. 41.
An analysis of the data comparing groups with ( = 69) and without placental abnormalities ( = 31) showed birthweights to be lower in the placental abnormality cohort, 2297.7 ± 234.7 versus 2452.3 ± 178.9 grams, = 0.002. There was a higher rate of SGA newborns in the placental abnormality cohort, 42 (60.9%) versus 12 (38.7%), = 0.040. There were no differences in newborn morbidities (data not shown). To study the issue whether the MFM specialists may have been biased in selection of subjects for MCA Doppler, we analyzed cohorts for baseline characteristics and outcomes according to whether or not MCA Doppler was performed and also whether or not uterine artery Doppler was performed. These analyses are given in Tables 6, 7 , 8, and 9. We found that those subjects who had MCA Doppler had no difference in their antenatal characteristics in comparison to those who did not with the exception of a lower probability of vaginal delivery, the reason for which is unclear but may be random given the number of variables analyzed. Specific ultrasound parameters, the estimated fetal weight, the proportion with EFW < third percentile, and HC/AC > 95th percentile did not differ significantly between these two groups. No differences were observed between the groups that had or did not have uterine artery Doppler. We also analyzed the data including only those subjects that had both umbilical and MCA Doppler data, = 68, and found no differences in baseline characteristics and outcomes and while the overall OR of any abnormal Doppler having placental pathology increased, the results were not statistically significant from when all subjects = 100 were included in the analysis. The results of BioMed Research International 5 these analyses are given in Tables 10, 11 , and 12. Logistic regression was performed on the data in Table 10 
Discussion
Placental pathology was significantly more common in the group of suspected FGR infants delivered at 37 weeks who had an abnormal Doppler evaluation. There was, however, a high prevalence of placental pathology even in the normal Doppler cohort. This degree of pathology in the group with normal Doppler runs counter to the assumption that the fetus with suspected FGR and normal Doppler is the constitutionally small normal fetus. Our population of FGR fetuses would mainly be considered late-onset FGR, that is, >32 weeks [26] . One partial explanation for the high prevalence of placental disease in the normal Doppler cohort would be that even uncomplicated pregnancies have some histopathologic findings. Parra-Saavedra et al. [27] showed that 78% of late-onset SGA births with normal umbilical artery Doppler had histological placental abnormalities as did 22% of AGA births.
McCowan et al. [28] found that abnormal umbilical artery Doppler reflected earlier and more severe growth restriction in small for gestational age fetuses but was not independently associated with newborn morbidity. They concluded that SGA newborns with normal umbilical artery Doppler were not simply constitutionally small normal infants. We had few abnormal umbilical Doppler patterns in our study and it is well known that in late-onset FGR umbilical artery resistance is uncommonly elevated in this group and has limited sensitivity in detecting neonatal morbidity [29] . In our study umbilical artery Doppler had the lowest sensitivity of the three Doppler types utilized for the detection of placental pathology. It is unclear why the American College of Obstetricians and Gynecologists only recommends the use of umbilical artery Doppler in the evaluation of suspected FGR [1] . Umbilical artery Doppler, in combination with MCA Doppler, detects centralization of blood flow, also known as "brain-sparing," whereby the fetus increases the blood flow to the brain when there is hypoxia. The MCA Doppler, particularly the CPR, has been shown to have improved sensitivity over umbilical artery Doppler in detection of perinatal morbidity and mortality [29] . In addition, in fetuses with suspected FGR, there is an association between an abnormal MCA Doppler and poorer neurodevelopmental outcomes at 2 years of life [30] . An abnormal MCA Doppler in our study was strongly associated with the presence of placental pathology; these findings are in agreement with those of ParraSaavedra et al. [12] .
With respect to newborn outcomes, our study showed the abnormal Doppler group to be of lower birthweight and more likely to be classified as SGA. No difference in neonatal morbidity was noted but our study was not powered to detect differences in secondary outcomes. Overall, 32% of newborns experienced at least one morbidity and there was a 19% admission rate to the NICU. This rate of morbidity appears high and brings up questions regarding the ideal gestational age for delivery in late-onset FGR. The Disproportionate Intrauterine Growth Intervention Trial at Term showed lower neonatal intensive care unit admissions after 38 weeks in comparison to 36 to 37 weeks [31] .
The strengths of our study were the uniform delivery gestational age of 37 weeks and an institutional guideline that recommends placental examination for all deliveries with suspected FGR. This allowed comparisons of placental pathology not confounded by gestational age or selection bias. The weaknesses were that this was a retrospective study, not all subjects were evaluated by uterine artery and MCA Doppler, and that the Doppler examinations did not occur at the same gestational age. The timing of the uterine artery Doppler evaluations prior to delivery with an average gestational age of 32.9 weeks, considerably shorter than the timing OR = odds ratio, CI = confidence interval, MCA = middle cerebral artery, and FGR = fetal growth restriction. * Results expressed in mean ± SD, number (%), or median (min-max).
of the umbilical and MCA Doppler, may have been a factor in its underperformance in prediction of placental pathology. The impact of the missing MCA Doppler data on the primary outcome variable of prevalence of placental pathology is addressed further. Had this data been present it may have strengthened the association of abnormal Doppler overall with the presence of placental pathology but could have resulted in no change or even weakened the association. We had 32 cases that did not have an MCA Doppler; of these 5 already had an abnormal umbilical artery Doppler and 1 had an abnormal uterine artery Doppler leaving 26 cases of normal umbilical artery Doppler with no MCA Doppler. From our data we know that in this group of subjects about Table 12 , when only the subjects with both umbilical and MCA Doppler ( = 68) are analyzed, appear to be in agreement with these calculations. In suspected FGR, the presence of placental pathology could be seen as validating a placental cause for the FGR. If we considered the presence of placental pathology as representing "true" or "pathologic" FGR and the absence of placental pathology representing the constitutionally small normal fetus, our study would indicate that the latter population of fetuses (31%) actually represents a minority of suspected FGR delivered at 37 weeks. MCA Doppler had high specificity and positive predictive value for placental disease and theoretically "true" growth restriction; however it had many false negatives and consequently low negative predictive value. Ideally, one would want to exclude the constitutionally small normal fetus, so that this group could be managed with less surveillance and without mandated early term delivery; our study suggests that this separation cannot be accomplished with Doppler; thus all cases with suspected FGR would have to be managed similarly. Having an agreedupon postnatal reference standard as to what constitutes OR = odds ratio, CI = confidence interval, and FGR = fetal growth restriction. * Results expressed in mean ± SD, number (%), or median (min-max).
"true" or "pathologic" fetal growth restriction may allow antenatal separation of the constitutionally small normal fetus from the truly growth restricted fetus in the future.
Conclusion
Abnormal Doppler ultrasound was significantly associated with the presence of placental pathology in this group of singleton pregnancies delivered at 37 weeks' gestation for suspected FGR. Of the three Doppler types evaluated, an abnormal MCA Doppler had the strongest association with the presence of placental pathology. This study provides further evidence and support for the use of MCA Doppler in the evaluation of suspected FGR and underscores the limitation of umbilical artery Doppler alone in FGR at later gestational ages. Further investigation and tools for separating the constitutionally small normal fetus from the FGR fetus are needed. 
